Introduction
Cod are widely distributed in the North Atlantic and spawn in a variety of habitats. Spawning has been reported in both inshore and offshore areas, at depths ranging from a few to several hundred metres and at temperatures from below 2-3 C up to 8-10 C (Hildebrand and Schroeder, 1972; Liem and Scott, 1966; Thorsteinsson and Marteinsdottir, 1992) . Throughout its distribution range, cod are separated into groups of spawners that are sometimes well-defined populations or subpopulations, and in other cases represent less defined stock divisions or spawning aggregations (Bergstad et al., 1987; Myers et al., 1997) . In each area, selection of spawning locations is likely to reflect the conditions under which offspring survival is maximized Cushing, 1990) .
Information on the relative contribution of different spawning areas or stock components to the stock's propagation are often uncertain (Dalley and Anderson, 1997) . As different size (age) classes of spawners may not contribute equally to reproduction (Marteinsdottir and Thorarinsson, 1998) , egg production of the stock is likely to change depending on the size structure of the populations. Similarly, the relative contribution of spawning areas, characterized by different size distribution of spawners, is likely to differ. Little information exists on temporal and spatial variation in size or age distribution of spawning cod. The effects such variation may have on the production of eggs and larvae, which are consequently subjected to environmental conditions specific for each spawning location, has received little attention. Disaggregating the spawning stock into smaller units that represent geographical locations characterized by a different biological and physical environment may facilitate our understanding of recruitment variability. We present a first attempt to estimate spatial variation in relative abundance, size composition, and production of eggs by spawning cod in three adjacent spawning areas located at the southwest coast of Iceland.
Material and methods

Spawning areas and data collection
Data used to estimate size and age of spawners, sex ratios and catch per unit of effort (c.p.u.e.) were obtained from the annual gill net survey conducted on the spawning grounds located along the south and west coasts of Iceland. In 1997, five spawning regions were sampled with a total of 2802 nets of four different mesh sizes (Fig. 1) . Each region was divided into several areas based on depth, distance from the shore and historically established fishing grounds for spawning cod. In a first attempt to estimate spatial variation in egg production, four areas (3.1, 3.2, 3.4, and 3.5) representing the main spawning grounds in Icelandic waters (Jó nsson, 1982) were selected for the analysis. As the two nearshore areas (3.1 and 3.2) were located next to each other within the same depth range, the possibility of combining them was initially tested by comparing the length and weight of spawners. Because no significant differences were detected (p<0.01), the two areas were combined, resulting in a total of three areas, hereafter named areas 1, 2, and 3 (Fig. 2) . The boundaries correspond to distinct lava fields located at different depths. Area 1 is more or less within the 75 m depth range, area 2 in the depth range of 75-100 m and area 3 is located on the slopes of the continental edge in deeper water, mostly below 100 m.
All spawning areas are characterized by a rough bottom formed by patches of lava or rocky elevations. The bottom structure makes sampling with bottom trawls difficult, and the fishery in the areas uses predominantly gill nets. Available observations (e.g., Thorsteinsson and Marteinsdottir, 1998) indicate that cod remain on and presumably spawn above these elevations. Gill net fishermen have accumulated extensive experience in finding the spawning aggregations and have placed their nets at these locations for centuries. The estimated size of each area was based on this information, using the distribution of commercial gill nets during the last six years as obtained from logbooks ( Fig. 2) . The number of valid gill nets employed during the survey in 1997 with other relevant information is given in Table 1 . The gill nets were placed in series containing 12 nets each and representing four mesh sizes (6, 7, 8, and 9) . The first 25 cod removed from each net were measured for length and the total number caught was recorded. Weight, sex, maturity stage, and other biological measurements and otoliths were collected, from the first cod removed from each net. Comparisons of mean length and weight were based on Schéffe's multiple comparison test. Age distributions were compared by means of a Chi square test.
The c.p.u.e. was calculated both as the average number of fish and as the average weight of the catch in each net, estimated from the length-weight relationship. Sex ratios were obtained from the number of sexed fish, pooled into 20 cm length groups.
Egg production Average egg production (E i ) per female in area i was estimated from the equation:
where N 1i =number of mature fish at length 1 (cm) in area i, P 1 =proportion of females (derived for each 20 cm length interval), and F 1 =potential fecundity at length 1 (cm) for females from all three areas in 1997 (F 1 =0.0248 1 4.22 ; r 2 =0.93, n=160). An index of relative production of eggs (G i ) by area i was estimated as:
where C i =mean number of fish per net in area i, and A: represents the standardized size of area i relative to area 1. The viable proportion was estimated by taking into consideration the size of the eggs produced by females of
Figure 2. Location and size of the spawning areas studied. Area 1 is closest to the shore, area 2 in the middle and area 3 at the continental edge. The size of each area was estimated as the numbers of square minutes at which gill nets had been placed more than three times during the last six years (black boxes). The 50-, 100-and 200-m depth contours are shown.
different sizes and the influence of egg size on viability of newly hatched larvae as proposed by Marteinsdottir and Steinarsson (1998 
The viability of larvae (V) was based on the frequency of larvae (Y) that developed swimbladders by the age of ten days (Marteinsdottir and Steinarsson, 1998; Scott et al., 1999) :
and the logistic relationship between Y and egg diameter:
The viable egg production is presented as the product of the viability constant (V) and the egg production (E) or the index of total egg production (G) in each area.
Results
Spawning cod ranged in size from 59 to 123 cm. Cod collected from area 1 were generally larger and heavier than those from area 2 and 3 ( Fig. 3(a) , (b), Table 1 ).
Comparisons of length and weight distributions using ANOVA and Schéffe's F-test showed that mean size in area 1 was significantly larger than in area 2, which in turn was significantly larger than in area 3 (p<0.01). Differences in age distributions among areas were less pronounced, but still significant ( 2 =57.8, d.f.=10; age groups 3-5 and 10-15 were pooled to provide large enough sample sizes in each cell). However, cod in area 1 were not significantly older than cod in area 2 (Fig.  3(c) ). Therefore, differences in mean size in areas 1 and 2 were not due to differences in mean age, but rather to cod in area 1 being generally larger (and heavier) at age than cod in area 2 (Fig. 4 ; p<0.05; Schéffe's multiple based on an ANOVA on log-transformed gutted body weight between different regions for each age among 6-9-year-old spawners).
The proportion of females among spawning cod increased with age (Fig. 5) . Only 20-30% in the smallest size group in areas 2 and 3 were females. Among those larger than 100 cm, 50% were females in areas 1 and 2 and 100% in area 3 were females.
The c.p.u.e. differed considerably between areas, both in numbers and in weights per net (Table 1) . In area 2, c.p.u.e. was four to fivefold higher than in area 1, while values for area 3 were intermediate.
Similarly, egg production differed between areas (Table 1) . Because spawners in area 1 were on average larger, the mean production of eggs per female was significantly larger than in the other two areas. Nevertheless, the index of total egg production per area, derived from the relative abundance (c.p.u.e.) and the relative size of the spawning area, was four times higher in area 2 than in area 1 ( Table 1) . The index for area 3, the smallest area, was nearly three times lower than in area 1, and 12 times lower than in area 2.
Similar differences between spawning areas were obtained when the egg production estimates included only the proportion of eggs considered viable (Table 1) . The proportion of viable eggs produced in area 1 (55%) were slightly higher than in areas 2 (50%) and 3 (47%). However, these differences did not change the general picture; the total production of viable eggs in area 2 exceeded the production in the other two areas by a factor four up to 13 (Table 1) .
Discussion
The data indicate considerable spatial variation in size and age of spawners among adjacent geographical locations within the region generally referred to as the main spawning ground of cod. The size differences were highly significant; the mean weight of spawning cod in shallow water closest to the shore was nearly twice as high as on the edge of the continent. Differences in age distributions were also significant; these findings are consistent with previous reports. Based on research trawl data and commercial samples from gill nets, Marteinsdottir and Petursdottir (1995) showed that both size and age of spawners in the near shore area were significantly greater than on the bank and along the continental edge. Spatial segregation of size and age classes has been a common feature in the annual gill net surveys. Many studies report spatial segregation of size or age classes in relation to environmental variables such as depth and temperature (e.g., Sinclair, 1992; Shackell et al., 1997) . However these refer to distributions outside the spawning season while the fish are on the feeding ground, rather than to spawning aggregations.
Mean egg production and the total egg production index were influenced by the spatial differences in the size structure of the spawning population. As the potential and relative fecundity (number of eggs per unit body size or age) increased with size, the mean egg production per female differed significantly between areas. However, the total egg production index was largely determined by the relative abundance and the size of the areas. The index assumes that all sexually mature cod present in each area at the time of sampling (i.e. during the peak spawning season) spawn locally.
The estimates of viable egg production, based on an assumed general relationship between viability of larvae and size of the female spawners through variation in egg diameter, did not change the general picture. However, no attempt was made to include information on variable spawning time among areas in the viability estimates. Spawning in area 1 extends generally over a longer period compared to areas 2 and 3 (Marteinsdottir and Petursdottir, 1995) . As a longer spawning period may influence the average survival of eggs and larvae (Mertz and Myers, 1994) , the production of viable eggs in this area may have been underestimated. We have chosen a relative total egg production index because estimates of the absolute egg production in each area would be influenced by errors caused both by inaccurate estimates of the size of the spawning area and sampling efficiency (the area effectively cleared of fish in one net setting). The latter has been shown to vary from a few hundred square meters up to a few thousand square meters during a 24-h setting (Dickson, 1989) . According to the experience of local fishermen, spawning cod select particular spots on rocky elevations and therefore form an extremely patchy distribution within a specific area. For example, spawning aggregations may be observed repeatedly on a single peak of lava or rocky elevation rising from the sea floor, while no fish are observed at another similar peak close by. These spots may be no more than a single square mile in size.
The size and age structure of spawners along with the associated egg production in each area will change over time. For instance, the frequency of 10+ cod during the spawning seasons decreased in area 1 between 1994 and 1995 (Marteinsdottir and Petursdottir, 1995) due to declining numbers of the strong 1983 and 1984 year classes. At the same time, changes were observed in areas 2 and 3 when the 1990 year class started to recruit to the spawning population, resulting in relatively high frequencies of four and five-year-old cod in 1994 and 1995, respectively. The importance of the nearshore area may, therefore, become more prominent again when strong year classes have aged, while production in the offshore areas may peak at times when strong year classes are recruiting to the spawning stock.
Eggs and larvae produced in different spawning areas may experience different environmental scenarios, including timing and amplitude of plankton productivity and/or advection due to spatial differences in oceanographic conditions. Spawning of both cod (Marteinsdottir and Petursdottir, 1995) and Calanus finmarchicus (Gislason and Astthorsson, 1991 , 1995 , 1996 starts earlier in nearshore waters compared to offshore areas, suggesting that the timing of the production cycle and production of fish larvae are more or less synchronized within each area. Nevertheless, considerable variation exists both with respect to the timing of the spring bloom (Thordardottir, 1986; Gislason et al., 1994) and the peak spawning of C. finmarchicus (Gislason et al., 1994) . However, in the long run, the mean probability of survival may be expected to be higher in the nearshore area than in the other two areas. First of all, the extended spawning period in the nearshore area may increase the probability of egg and larval survival (Mertz and Myers, 1994) . Secondly, primary production and the formation of a pycnocline is probably more predictable due to the influence of freshwater runoff by two main rivers (Fig. 2) on the nearshore spawning sites (Thordardottir, 1986; Olafsson, 1985) . Thirdly, the west-and northward flowing coastal current induced by freshwater runoff (Olafsson, 1985) may provide a more predictable transport mechanism for eggs and larvae into the nursery areas west, north and east of the country than the offshore current.
The extensive variation that exists between geographically adjacent spawning locations includes both biological parameters related to reproduction and oceanic conditions. Detailed analysis of historical data on temporal and spatial changes in relative abundance and structure of the spawning aggregation in relation to available environmental information is required to improve our understanding of the recruitment processes in cod.
